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Low-phytic acid barley improves calcium and phosphorus utilization and
growth performance in growing pigs’
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ABSTRACT: Thirty-five crossbred barrows averag-
ing 13.5 kg starting BW were used in a 35-d experiment
to compare the availability of P and the nutritional
value of two near-isogenic progeny of the barley cultivar
‘Harrington’. Low-phytic acid barley (LPB, 0.35% total
P, 0.14% phytic acid P) was homozygous for the low-
phytic acid 1-1 allele, and the normal barley (NB, 0.35%
total P, 0.24% phytic acid P) was homozygous for the
normal allele of that gene. Pigs were fed individually
twice daily in metabolism pens. Barley was the only
source of phytate in semipurified diets, 1 to 3. Diet 1
contained 75% NB, 0.14% estimated available P (aP),
and 0.50% Ca. Diet 2 contained 75% LPB, 0.22% aP,
and 0.50% Ca. No inorganic P (iP) was added to Diets
1 and 2 in order to measure the animal response to the
different concentrations of aP in these cultivars. Diet
3 was NB Diet 1 supplemented with iP to equal the
concentration of aP in LPB Diet 2. Practical barley—
soybean meal (SBM)-type diets, NB Diet 4 and LPB
Diet 5, were formulated to meet all minimum nutrient
requirements, and contained 0.30% aP and 0.65% Ca.
For the semipurified diets, pigs fed LPB Diet 2 had

higher (P < 0.05) bone ash weight, bone breaking
strength, P absorption and retention, and Ca absorption
and retention compared with pigs fed NB Diet 1, with
a trend (P = 0.10) for pigs fed LPB Diet 2 to have a
higher ADG and gain:feed ratio than pigs fed NB Diet
1. However, pigs fed LPB Diet 2 or NB Diet 3 were not
different (P > 0.3) in growth performance, fresh bone
weight, fat-free dry bone weight, bone ash, bone break-
ing strength, or N utilization. This indicates that LPB
and NB were equal in nutritional value after supple-
mentation of NB with iP to equal the estimated aP in
LPB. For the practical barley-SBM diets, there were no
differences (P > 0.4) between pigs fed NB Diet 4 or LPB
Diet 5 for growth performance, fresh bone weight, bone
breaking strength, the percentages of P and Ca utiliza-
tion, or N, DE, and ME utilization. The use of LPB in
pig diets reduced P excretion in swine waste by 55%
and 16% in our semipurified and practical diets, respec-
tively, compared with NB. Using our in vitro procedure
designed to mimic the digestive system of the pig, the
availability of P for pigs was estimated at 52% for LPB
and 32% for NB.
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Introduction

About 70% of the P in barley is not utilized by swine
because it is bound as phytate (myo-inositol 1,2,3,4,5,6-
hexakis-dihydrogen phosphate; Maga, 1982; NRC,
1998; Lott et al., 2000). Swine do not produce adequate
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quantities of the digestive enzyme phytase required to
hydrolyze phytate (Pointillart et al. 1984, 1987). There-
fore, swine excrete about 200,000 tons of P annually in
the United States because of the poor P digestibilities
of cereal grain and oilseed meal-based diets (Cromwell
and Coffey, 1991). However, a recombinant-derived mi-
crobial phytase (Heinzl, 1996) is effective as a feed addi-
tive in hydrolyzing phytate in plant ingredient-based
diets fed to swine, and significantly reduces P excretion
in swine waste (Cromwell et al.,, 1995; Liu et al.
1997a, 1998a).

The development of a low-phytic acid corn hybrid by
USDA scientists greatly increased the availability of P
in corn-based diets fed to nonruminants (Ertl et al.,
1998; Raboy et al., 2000), significantly reducing the
excretion of P in poultry waste (Li et al., 2000) and
swine waste (Spencer et al., 2000; Veum et al., 2001).
A low-phytic acid mutant barley has also been devel-
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oped by USDA scientists (Larson et al., 1998; Raboy et
al., 2001) that has been shown to increase the availabil-
ity of P for fish (Sugiura et al., 1999) and poultry (Li et
al., 2001b), with a significant reduction in the excretion
of P in poultry waste (Li et al., 2001a). The objectives
of this experiment were to evaluate a low-phytic acid
mutant barley (LPB) for growing swine compared to
the near-isogenic normal barley (NB) cultivar, and
to determine ifthe decrease in phytic acid content would
change the nutritional value of LPB compared to NB.
In addition, an in vitro procedure that simulates the
digestive system of the growing pig was used to esti-
mate the availability of P in LPB and NB.

Materials and Methods

Animals and Housing. Thirty-five crossbred York-
shire-Landrace-Duroc barrows averaging 13.5 + 0.1 kg
and 42 + 1 d of age were allotted to five treatments in
a completely random design for the 35-d experiment.
Pigs were placed in individual elevated stainless steel
metabolism pens (four pens/treatment with 0.9 m%pig
and three pens/treatment with 0.7 m?pig) equipped
with nipple drinkers, stainless steel feeders, and stain-
less steel woven wire floors. Temperature was main-
tained at 23 + 1°C with thermostatically controlled
heaters and exhaust fans. Pigs were fed to appetite
twice daily (0730 and 1530). Individual feed consump-
tion was determined weekly. Pigs were weighed at the
beginning and end (d 0 and 35) of the test. This experi-
ment was approved by the University of Missouri Ani-
mal Care and Use Committee.

Dietary Treatments. The LPB and NB cultivars used
in this experiment were provided by the National Small
Grains Germplasm Research Facility, USDA-ARS, Ab-
erdeen, ID. The NB was the cultivar ‘Harrington’ and
the LPB mutant was a near-isogenic progeny of the
barley cultivar ‘Harrington’. The LPB isoline was homo-
zygous for the low-phytic acid 1-1 allele and produced
grain with about 42% less phytic acid than the NB. The
NB isoline was homozygous for the wild-type allele of
that gene, and produced grain with normal concentra-
tions of phytic acid. Before diet formulation, stocks of
the mutant LPB hybrid, the near-isogenic NB, the soy-
bean meal (SBM), the whey protein concentrate (WP),
and the spray-dried blood cells (BC) were analyzed in
duplicate for proximate analysis components (AOAC,
1990) and complete amino acids according to Benson
and Patterson (1971). Samples were hydrolyzed under
N with 6 N HCI for 24 h at 110°C before amino acid
analysis was performed by automated cation exchange
chromatography. Analysis for cystine and methionine
involved performic acid oxidation prior to hydrolysis.
Tryptophan was determined by the method of Spies
and Chambers (1949).

Triplicate samples of the above ingredients plus di-
calcium phosphate, monosodium phosphate, and
ground limestone were digested with a wet ash proce-
dure (AOAC, 1990). Digestls3 were analyzed for the con-
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Table 1. Analyzed composition (%) of air-dry barley
cultivars and soybean meal®

Normal Low-phytate Soybean
Item barley mutant barley meal
Nutrient
Total P 0.35 0.35 0.75
Phytic acid P 0.24 0.14 0.53
Available P 0.11 0.21 0.22
Ca 0.06 0.06 0.40
Lysine 0.41 0.41 3.00
Methionine 0.19 0.18 0.67
Cystine 0.27 0.28 0.79
Tryptophan 0.12 0.12 0.74
Threonine 0.35 0.36 1.82
Isoleucine 0.38 0.39 2.23
Valine 0.54 0.55 2.36
CP 10.70 10.70 48.70
GE, kcal/kg 3,876 3,863 4,335

2Analyzed values are based on duplicate or triplicate analyses de-
termined prior to the formulation and mixing of the diets. Available
P was calculated by subtracting phytic acid P from total P.

centration of total P (tP ,minus ground limestone) by
the colorimetric molybdovanadate method (Spectra
Rainbow Microplate Reader, Tecan, Inc., Durham, NC)
and for the concentrations of Ca (minus monosodium
phosphate) by atomic absorption spectrophotometry
(Spector AA-30, Varian Analytical Instruments, San
Fernando, CA). Subsamples of both barley cultivars and
SBM were analyzed for phytic acid P as described by
Raboy et al. (2000). The difference between tP and phy-
tic acid P concentration was defined as calculated aP.
Subsamples of both barley cultivars were also analyzed
for GE by oxygen bomb calorimetry (Parr Instrument
Co., Moline, IL). The nutrient composition of the two
barley cultivars (Table 1) was similar except for the
differences in phytic acid P concentration and calcu-
lated aP.

There were five dietary treatments (Table 2). Diet 1
was a NB-WP-BC diet containing 0.14% aP and 0.50%
Ca. Diet 2 was a LPB-WP-BC diet containing 0.22% aP
and 0.50% Ca. Diet 3 was a NB-WP-BC-inorganic P (iP)
diet, which was similar to Diet 1, but with monosodium
phosphate added to increase the aP to 0.22% to equal
the concentration of aP in Diet 2. Diets 1, 2, and 3 were
semipurified-type diets, where the barley cultivars were
the only source of phytate. Diets 1 and 2 were not sup-
plemented with any iP. The concentrations of aP in
Diets 1, 2, and 3 (0.14, 0.22, and 0.22%, respectively)
were below the NRC (1998) requirements (0.32% at 10
to 20 kg BW, and 0.23% at 20 to 50 kg BW), which
provided a strong test of the barley cultivars as sources
of aP. Dietary Ca was also reduced to minimize the
negative effects of Ca on P utilization (Liu et al., 1998a).
Diets 1 to 3 were formulated to meet or exceed all nutri-
ent requirements except for Ca and P. Practical barley-
soybean type diets, NB Diet 4 and LLPB Diet 5, were
formulated to meet or exceed all nutrient requirements
and contained 0.30% aP and 0.65% Ca.
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Table 2. Ingredient composition (%) of air-dry diets

Dietary treatment®

Diet no.: 1 2 3 4 5
Item Diet description: NB-WP-BC LPB-WP-BC NB-WP-BC-iP NB-SBM LPB-SBM
Normal barley 75.00 — 75.00 74.40 —
Mutant barley — 75.00 — — 74.68
Whey protein concentrate 8.00 8.00 8.00 — —
Soybean meal, 48% — — — 17.56 17.56
Spray-dried blood cells 2.00 2.00 2.00 — —
Lactose 5.21 5.22 4.75 — —
Lard 3.41 3.41 3.57 5.00 4.89
Cellulose 0.50 0.50 0.50 — —
Monosodium phosphate® — — 0.30 — —
Dicalcium phosphate® — — — 0.97 0.56
Limestone 0.87 0.87 0.87 0.69 0.92
L-Glutamic acid 3.30 3.30 3.30 — —
L-Lysine 0.42 0.42 0.42 0.28 0.28
pL-Methionine 0.09 0.09 0.09 0.05 0.06
L-Threonine 0.06 0.05 0.06 — —
L-Isoleucine 0.09 0.09 0.09 — —
White salt 0.40 0.40 0.40 0.40 0.40
Vitamin & medication premixes? 0.50 0.50 0.50 0.50 0.50
Trace mineral premix® 0.15 0.15 0.15 0.15 0.15
Dietary composition®
Ca 0.50 0.50 0.50 0.65 0.65
Total P 0.32 0.32 0.40 0.57 0.50
Phytic acid P 0.18 0.10 0.18 0.27 0.20
Available P 0.14 0.22 0.22 0.30 0.30
CP 15.00 15.00 15.00 16.80 16.83
Lysine 1.05 1.05 1.05 1.05 1.05
Methionine + cystine 0.59 0.60 0.59 0.65 0.66
Tryptophan 0.18 0.18 0.18 0.22 0.22
Threonine 0.58 0.58 0.58 0.58 0.59
Isoleucine 0.55 0.55 0.55 0.67 0.68
ME, Mcal/kg 3.26 3.26 3.26 3.25 3.25

ANB = normal barley, LPB = low phytate barley, WP = whey protein concentrate, BC = spray-dried blood cells, iP = inorganic P, and SBM
= soybean meal.

PMonosodium phosphate contains 25.3% P.

‘Dicalcium phosphate contains 22.1% Ca and 18.5% P.

4Vitamin and medication premixes provided per kilogram of diet: 11,000 IU of vitamin A acetate; 1,100 IU of vitamin Ds; 44.1 TU of vitamin
E as pL-a-tocopheryl acetate; 4.0 mg of vitamin K as menadione sodium dimethylpyrimidinol bisulfite complex; 30.3 g of vitamin Bjs; 8.3
mg of riboflavin; 28.1 mg of pantothenic acid as p-calcium pantothenate; 33.1 mg of niacin; 551.3 mg of choline as choline chloride; 220.5 pg
of biotin; 1.65 mg of folic acid; and 110 mg of tylosin.

“Trace mineral premix provided per kilogram of diet: 165 mg of Zn as ZnSOy; 165 mg of Fe as FeSO,4; 33 mg of Mn as MnSOy; 16.5 mg of
Cu as CuSOy; 0.3 mg of I as Ca(I03); and 0.3 mg of Se as NaySeOs.

fComposition is based on triplicate analyses of each diet except for ME that was obtained from NRC (1998) and available P that was
calculated by subtracting phytic P from total P.

Measurements. Diets contained 0.05% chromic oxide  feces, diet, and urine were also analyzed in triplicate
as a nondigestible indicator. Fecal grab samples and  for Cr (AOAC, 1990) by atomic absorption spectropho-
total urine collections were made twice daily from d 29  tometry, and for GE by oxygen bomb calorimetry.

to 33. Fecal samples were immediately frozen in plastic On d 35, the pigs were sacrificed (electrically stunned
freezer bags until analyzed. Urine was collected in plas-  followed by exsanguination). The right-front foot and
tic pails containing 25 mL of 6 N HCI. Total urine vol-  elbow were removed and refrigerated at 2°C. The third
ume was recorded, and 10% was saved in 1-L screw-  metacarpal and radius bones were excised and cleaned

cap plastic bottles that were immediately frozen until  of all adhering tissue within 3 d for size measurements
analyzed. The 5-d fecal collections for individual pigs and the determination of breaking strength and ash
were thawed, pooled, and air-dried at 55°C. The dried  weight. A caliper (Model CDS6, Mitutoyo Corp., Japan)
fecal samples and samples of each diet were ground  was used to measure metacarpal and radius bone
to pass through a 1.0-mm screen before analysis in  length and the midshaft widths at the narrowest and
triplicate for N, Ca, and P as described for the dietary =~ widest points. Breaking strength of the fresh bones was
ingredients. The 5-d complete urine collections for indi-  determined using an Instron testing machine (Model
vidual pigs were thawed, pooled, mixed, and subsam- TML, Instron Corp., Canton, MA), similarly to the pro-

pled before analysis for N, Ca, and P. Subsamples of cedure described by Crenshaw (1986). Force was ap-
. Downloaded from jas.fass.org at USDA Natl Agricultural Library on March 21, 2008. . o
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Table 3. Pig growth performance

Dietary treatment®

Diet no.: 1 2 3 4 5
Diet description: NB-WP-BC LPB-WP-BC NB-WP-BC-iP NB-SBM LPB-SBM

Ttem Available P, %: 0.14 0.22 0.22 0.30 0.30 SEM
Pig wt, kg

do 13.48 13.46 13.46 13.54 13.45 0.40

d 35° 30.34 32.45 33.52 34.28 34.30 1.11
ADG, g" 482 543 573 599 596 27
ADFI, g 1,063 1,120 1,160 1,134 1,172 40
Gain/feed ratio, g/kg® 454 484 494 525 507 12

NB = normal barley, LPB = low phytate barley, WP = whey protein concentrate, BC = spray-dried blood cells, iP = inorganic P, and SBM

= soybean meal. Each mean represents seven individually penned pigs.

bDiet 1 vs Diet 2 (P = 0.10), and Diet 1 vs Diet 3 (P < 0.05).
‘Diet 1 vs Diet 3 (P = 0.10).

plied to the center of the bone, which was held by two
supports spaced 3.0 cm apart. After the determination
of breaking strength, the bones were wrapped with
cheesecloth, boiled in deionized water for 2 h, dried at
55°C for 24 h, and extracted with ethyl ether for 4 to
5 d. Ash weight was determined after the fat-free bones
were dried at 55°C and 100°C for 18 and 2 h, respec-
tively, and ashed in a muffle furnace at 600°C for 16 h
(AOAC, 1990).

In Vitro Phosphorus Release Comparison.

Our in vitro digestion procedure, which was devel-
oped to predict the availability of P in corn—soybean
meal (SBM) diets and feed ingredients was used to
estimate the availability of P in LPB and NB (Liu et
al., 1997b; 1998b). The procedure was designed to
mimic the digestive system of growing swine by using
separate peptic and pancreatic digestion periods. Sam-
ples of NB and LPB were ground through a 1-mm screen
and refrigerated until analyzed. Three replicate sub-
samples of LPB and NB were analyzed by the in vitro
procedure to determine P release. Phosphorus concen-
tration in the supernate was determined colorimetri-
cally by the molybdovanadate method (AOAC, 1990).
The availability of P was estimated to be 52% for LPB
and 32% for NB by our in vitro digestion procedure.

Statistical Analysis. Data from all five dietary treat-
ments were analyzed by ANOVA as a randomized com-
plete block design with individual pigs as the experi-
mental units (Snedecor and Cochran, 1989) using the
statistical procedures of SAS (SAS Inst. Inc., Cary, NC).
The preplanned single-df comparisons were Diet 1 vs
2,1vs 3,2vs 3, and 4 vs 5.

Results

Pig Growth Performance. For semipurified Diets 1 to
3, pigs fed LPB Diet 2 had ADFI, ADG, and gain:feed
ratios similar (P > 0.50) to pigs fed NB Diet 3, which
contained monosodium phosphate to equal the aP con-
centration of LPB Diet 2 (Table 3). There was a trend
for pigs fed LPB Diet 2 to have higher (P = 0.10) ADG
(12.7%) and gain:feed ratios (6.6%) than pigs fed NB

Diet 1. Pigs fed NB Diet 3 had higher (P < 0.05) 35-d
BW, ADG, and gain:feed ratios compared with pigs fed
NB Diet 1, with a trend for a higher (P = 0.10) ADFI.
For the practical diets containing SBM and equal con-
centrations of aP (LPB Diet 4 vs NB Diet 5), there were
no differences (P > 0.5) between pigs fed NB Diet 4 or
LPB Diet 5 in growth performance criteria.

Bone Characteristics. For metacarpal bone character-
istics (Table 4), pigs fed LPB Diet 2 or NB Diet 3 (semi-
purified diets equal in aP concentration) were similar
(P>0.4) in fresh metacarpal weight, fat-free dry weight,
ash weight, and breaking strength. Pigs fed LPB Diet
2 or NB Diet 3 had higher fat-free dry weights (P <
0.01), ash weights (P <0.01), and metacarpal breaking
strength (P < 0.05) compared with pigs fed NB Diet 1.
For the practical diets, pigs fed LPB Diet 5 tended to
have higher (P < 0.06) metacarpal fat-free dry weight
and ash weight than pigs fed NB Diet 4. However, there
were no differences (P > 0.7) between pigs fed practical
NB Diet 4 or practical LPB Diet 5 for metacarpal fresh
weight and breaking strength. For metacarpal bone size
measurements, there were no treatment differences (P
> 0.3) for any of the preplanned treatment comparisons
made (data not presented). The overall means + SE for
bone length and midshaft width at the narrowest and
widest points were 58.9 + 1.0 mm, 12.0 + 0.3 mm, and
16.2 + 0.3 mm, respectively.

For radius bone characteristics (Table 4), pigs fed
LPB Diet 2 or NB Diet 3 did not differ (P > 0.4) in
radius fresh weight, fat-free dry weight, ash weight, or
breaking strength. Pigs fed LPB Diet 2 or NB Diet 3
had higher fat-free dry weights (P <0.001), ash weights
(P £ 0.001), and radius breaking strength (P = 0.04)
than pigs fed NB Diet 1. For pigs fed the practical diets,
NB Diet 4 or LPB Diet 5, there were no differences (P
> 0.5) for radius fresh weight, fat-free dry weight, ash
weight, or breaking strength. For radius bone size mea-
surements, there were no treatment differences (P >
0.2) for any of the preplanned treatment comparisons
made (data not presented). The overall means + SE for
bone length and midshaft width at the narrowest and
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Table 4. Metacarpal and radius bone characteristics

Dietary treatment®

Diet no.: 1 2 3 4 5
Diet description: NB-WP-BC LPB-WP-BC NB-WP-BC-iP NB-SBM LPB-SBM
Item  Available P, %: 0.14 0.22 0.22 0.30 0.30 SEM
Metacarpal bone
Fresh wt, g° 11.26 12.46 13.06 12.51 12.57 0.47
Fat-free dry wt, g° 2.86 3.41 3.32 3.36 3.81 0.17
Ash wt, g° 1.55 1.91 1.82 1.88 2.19 0.10
Breaking strength, kg? 32.8 41.6 39.2 46.7 45.2 2.7
Radius bone
Fresh wt, gb 31.89 35.18 37.54 37.44 37.33 1.25
Fat-free dry wt, g° 9.15 12.01 11.81 12.89 12.59 0.50
Ash wt, g° 4.38 6.07 5.77 6.87 6.52 0.28
Breaking strength, kgf 50.1 66.6 66.7 86.9 86.3 5.4

“NB = normal barley, LPB = low-phytate barley, WP = whey protein concentrate, BC = spray-dried blood
cells, iP = inorganic P, and SBM = soybean meal. Each mean represents seven individually penned pigs.

"Diet 1 vs Diet 2, and Diet 1 vs Diet 3 (P < 0.07).

‘Diet 1 vs Diet 2, and Diet 1 vs Diet 3 (P < 0.01). Diet 4 vs Diet 5 (P < 0.06).

dDjet 1 vs Diet 2, and Diet 1 vs Diet 3 (P < 0.05).

°Diet 1 vs Diet 2, and Diet 1 vs Diet 3 (P < 0.001).

Diet 1 vs Diet 2, and Diet 1 vs Diet 3 (P = 0.04).

widest points were 92.6 + 1.3 mm,11.3 + 0.3 mm, and
18.4 + 0.4 mm, respectively.

Apparent Phosphorus and Calcium Utilization. Grams
of tP consumed per day were higher (P < 0.01) for pigs
fed diets containing NB compared with LPB when both
diets were formulated to contain comparable levels of
aP (Table 5, NB Diet 3 vs LPB Diet 2, and NB Diet 4
vs LPB Diet 5). Fecal P excretion (g/d) was lower for
pigs fed LPB Diet 2 compared with pigs fed NB Diet 3
(P =0.0001) or NB Diet 1 (P <£0.03). There also was a
trend (P = 0.07) for pigs fed NB Diet 3 to excrete more
grams of urinary P per day than pigs fed NB Diet 1.
Pigs fed LPB Diet 2 absorbed and retained more grams
of P per day than pigs fed NB Diet 1 (P =0.001) or NB
Diet 3 (P < 0.05). Pigs fed NB Diet 3 absorbed more
grams of P per day than pigs fed NB Diet 1 (P < 0.05),
with a trend (P = 0.08) for pigs fed NB Diet 3 to retain
more grams of P per day than pigs fed NB Diet 1.
Expressed as a percentage of intake, P absorption and
retention were higher (P =0.0001) for pigs fed LPB Diet
2 compared with pigs fed NB Diet 1 or NB Diet 3, which
were not different (P > 0.8). For the practical diets, pigs
fed NB Diet 4 absorbed and retained more grams (P <
0.05) of P per day than pigs fed LPB Diet 5. However,
when P absorption and retention were expressed as a
percentage of intake, there were no differences (P = 0.6)
between pigs fed the NB Diet 4 or the LPB Diet 5.

Calcium intake was not different for pigs fed semipur-
ified Diets 1 to 3 (P > 0.4) or practical Diet 4 vs 5 (P =
0.8) (Table 5). Fecal excretion of Ca (g/d) was lower for
pigs fed LPB Diet 2 compared with pigs fed NB Diet 1
(P =0.05) or NB Diet 3 (P =0.10). Urinary excretion of
Ca (g/d) was higher for pigs fed NB Diet 1 (P =0.01) or
LPB Diet 2 (P =0.09) than pigs fed NB Diet 3. Calcium
absorption in grams per day and as a percentage of
intake was higher (P < 0.01) for pigs fed LPB Diet 2
compared with pigs fed NB Diet 1 or NB Diet 3, that

were not different (P > 0.4). Calcium retention (g/d and
percentage of intake) was lower (P < 0.001) for pigs fed
NB Diet 1 than pigs fed LPB Diet 2 or NB Diet 3, which
were not different (P > 0.3). For practical NB Diet 4
and LPB Diet 5, there were no differences (P>0.5) in Ca
absorption, retention, or excretion (fecal and urinary) in
grams per day or as a percentage of intake.

Apparent Energy and Nitrogen Utilization. For appar-
ent energy utilization (Table 5), pigs fed LPB Diet 2
excreted fewer (P < 0.05) kilocalories of energy in feces
per day, and had higher percentages (P <0.05) of appar-
ent DE (absorbed/intake) and ME (retained/intake)
compared with pigs fed NB Diet 3. There were no other
preplanned treatment comparison differences (P > 0.4)
for the semipurified Diets 1 to 3 or practical Diet 4 vs
5 for the energy criteria measured.

For apparent N utilization, there were no treatment
contrast differences (P > 0.2) for semipurified Diet 1 vs
2,1 vs 3, or 2 vs 3, or for practical Diet 4 vs 5 for the
N criteria measured (data not presented). The overall
means + SE for N intake, fecal N, urinary N, N ab-
sorbed, and N retained in grams per day were 39.2 +
2.0,10.1+£1.4,1.7£0.2,29.1+1.5,and 27.5+ 1.5, respec-
tively.

Discussion

This in vivo experiment is the first experiment with
swine to demonstrate the higher availability of P in
mutant LPB compared with the near-isogenic NB culti-
var ‘Harrington.” Using the same barley cultivars in
experiments with turkeys and broiler chicks, Li et al.
(2001a,b) have shown that the P in LPB is more avail-
able than the P in NB. When chick toe ash was the
criteria in a slope-ratio assay (KHyPO, = 100%), the
availability of P was 49% for LPB and 28% for NB (Li
et al., 2001b). Using our in vitro procedure that mimics
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Table 5. Apparent phosphorus, calcium, and energy utilization

Dietary treatment?

Diet no.: 1 2 3 4 5
Diet description: NB-WP-BC LPB-WP-BC NB-WP-BC-iP NB-SBM LPB-SBM
Item Available P, %: 0.14 0.22 0.22 0.30 0.30 SEM
ADFI, d 28 to 33, g 1,509 1,534 1,656 1,587 1,628 88
Phosphorus
Intake, g/d® 5.02 5.22 6.81 9.59 7.80 0.40
Fecal, g/d® 2.95 1.78 4.03 4.37 3.70 0.31
Absorbed, g/d? 2.07 3.44 2.78 5.22 4.10 0.24
Urinary, g/d® 0.02 0.06 0.09 0.16 0.10 0.03
Retained, g/df 2.05 3.37 2.69 5.06 4.00 0.24
Absorbed/intake, %* 40.48 66.14 41.51 55.14 52.56 3.20
Retained/intake, %* 40.10 64.92 40.18 53.31 51.28 3.18
Calcium
Intake, g/d 7.49 8.13 7.71 9.74 9.89 0.46
Fecal, g/d® 2.14 1.33 1.99 3.19 3.05 0.27
Absorbed, g/d! 5.35 6.80 5.72 6.55 6.84 0.31
Urinary, g/d’ 2.90 2.42 1.79 1.06 1.34 0.26
Retained, g/d* 2.45 4.38 3.93 5.49 5.49 0.30
Absorbed/intake, %' 72.29 83.86 74.41 67.64 69.25 2.42
Retained/intake, %~ 33.73 54.07 51.16 56.63 55.99 3.34
Energy
Intake, kcal GE/d 6,144 6,194 6,633 6,606 6,750 361
Fecal, kcal/d' 1,249 1,097 1,591 1,341 1,445 178
Absorbed (DE), kcal/d 4,895 5,096 5,042 5,265 5,305 256
Urinary, kcal/d 56 60 60 73 60 9
Retained (ME), kcal/d 4,838 5,037 4,982 5,192 5,245 258
Absorbed/intake, %! 79.67 82.27 76.01 79.70 78.59 2.02
Retained/intake, %' 78.74 81.32 75.11 78.60 77.70 2.01

NB = normal barley, LPB = low-phytate barley, WP = whey protein concentrate, BC = spray-dried blood cells, iP = inorganic P, and SBM

= soybean meal. Each mean represents seven individually penned pigs.
"Diet 1 vs Diet 3, Diet 2 vs Diet 3, and Diet 4 vs Diet 5 (P < 0.01).

‘Diet 1 vs Diet 2, and Diet 1 vs Diet 3 (P <0.03). Diet 2 vs Diet 3 (P =

0.0001).

dDjet 1 vs Diet 2 (P = 0.001). Diet 1 vs Diet 3, Diet 2 vs Diet 3, and Diet 4 vs Diet 5 (P < 0.05).

°Diet 1 vs Diet 3 P = 0.07).

Diet 1 vs Diet 2 (P = 0.001). Diet 1 vs Diet 3 (P = 0.08). Diet 2 vs Diet 3, and Diet 4 vs Diet 5 (P < 0.05).

gDiet 1 vs Diet 2, and Diet 2 vs Diet 3 (P = 0.0001).
PDiet 1 vs Diet 2 (P = 0.05). Diet 2 vs Diet 3 (P = 0.10).
‘Diet 1 vs Diet 2, and Diet 2 vs Diet 3 (P < 0.01).

Diet 1 vs Diet 3 (P = 0.01). Diet 2 vs Diet 3 (P = 0.09).
kDiet 1 vs Diet 2, and Diet 1 vs Diet 3 (P < 0.001).
Diet 2 vs Diet 3 (P < 0.05).

the digestive system of the pig (Liu et al., 1997b, 1998b),
the availability of P was estimated to be 52% for LPB
and 32% for NB. The estimated percentage availability
of P in NB as determined by the chick in vivo data and
the swine in vitro procedure compare favorably with
the availability of P estimate of 31% determined analyt-
ically for NB by subtracting phytic acid P from tP (0.11%
aP/0.35% tP x 100, Table 1). However, the estimated
percentage availability of P in LPB as determined by
the chick in vivo data and the swine in vitro procedure
are lower than the analytical percentage availability of
P estimate of 60% for LPB (0.21% aP/0.35% tP x 100,
Table 1). The estimated percentage availability of P in
LPB is about two times higher than that in NB as
determined by analytical analysis.

The barley cultivars were the only source of phytic
acid in semipurified Diets 1, 2, and 3 in our in vivo
swine experiment. These experiments were designed to
test the differences in aP between LPB and NB. Because

tion for aPing
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the source of barley was the only difference between
NB Diet 1 and LPB Diet 2, differences between those
two treatments may be attributed to the higher aP and
lower phytic acid concentration in LPB compared with
NB. The NB Diet 3 was Diet 1 supplemented with iP
to match the higher concentration of aP in LPB Diet
2. Thus, phytic acid content was the only nutritional
difference between Diets 2 and 3, and a comparison of
those diets would determine if the decrease in phytic
acid concentration in LPB would affect the nutritional
value of LPB. Diets 4 and 5 were practical barley—SBM-
type diets formulated to meet minimum NRC (1998)
requirements. Both diets contained 0.30% aP, with the
LPB in Diet 5 providing a greater proportion of the aP
compared to the NB in Diet 4.

The increase in pig growth performance, bone ash
weight, bone breaking strength, apparent P absorption
and retention, and apparent Ca absorption and reten-

fed LPB Diet 2 compared with pigs fed NB
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Diet 1 confirmed the greater availability of P in LPB.
Our results also showed that pigs fed LPB Diet 2 or
NB Diet 3, supplemented with iP to equal the estimated
aP in LPB Diet 2, had similar growth performance,
bone fresh weight and fat-free dry weight, bone ash
weight, and bone breaking strength. This indicates that
the estimated aP concentrations determined for the
LPB and NB cultivars (Table 1) were reasonable, and
that the nutritional value of LPB was not compromised
because of the lower phytate content compared with
NB. In fact, the percentages of apparent DE and ME
were higher for pigs fed LPB Diet 2 than NB Diet 3.
The endogenous phytase activities of LPB and NB were
similar (251 + 46 and 290 *+ 18 U/kg, respectively, Li
et al., 2001b), confirming that endogenous phytase ac-
tivity did not confound the treatment comparisons in
this experiment.

Dietary Ca concentration was lowered from 0.65 to
0.50 in semipurified Diets 1 to 3 to keep the Ca:tP ratio
below 1.6, because excessive Ca is known to reduce P
utilization (Nahapetian and Young, 1980; Liu et al.,
1998a, 2000). In this experiment, the increase in growth
performance with LPB compared with NB was not as
dramatic as in our previous experiment with low-phytic
acid corn compared with normal corn (Veum et al.,
2001). This may be explained by the fact that the phytic
acid concentration was reduced 42% in LPB vs NB in
the present experiment, whereas phytic acid concentra-
tion was reduced 60% in our low-phytic acid corn rela-
tive to our normal corn.

Our practical barley-SBM-type diets (NB Diet 4 and
LPB Diet 5) were supplemented with dicalcium phos-
phate to provide the same adequate (NRC, 1998) con-
centrations of aP and Ca to determine if LPB would
affect growing pig performance. Our results showed
that pigs fed practical diets containing NB or LPB were
similar in growth performance, bone breaking strength,
apparent P and Ca utilization, and apparent N, DE,
and ME utilization. Therefore, the results of this experi-
ment indicate that most response criteria for pigs fed
diets containing either LPB or NB were similar whether
barley was the only source of phytic acid or if SBM
was used as a protein supplement when the NB diets
contained additional iP to equal the aP in the LPB diets
(Diet 2 vs Diet 3, Diet 4 vs Diet 5). This experiment
demonstrated that tP and phytic acid P concentrations
determined analytically may provide a useful estimate
of the aP concentration in barley fed to swine, which
has practical application, in diet formulation. The use
of analytical data to estimate aP was previously found
to have validity in estimating the aP concentration in
low-phytic acid and normal corn hybrids (Veum et
al., 2001).

The most significant response to feeding LPB was
the reduction in P excretion in swine waste. For pigs
fed LPB Diet 2 or NB Diet 3, semipurified diets that
contained equal concentrations of aP, P excretion (g/d,
feces plus urine) was reduced 55% by LPB compared
with NB (1.84 vs 4.12 g/d, respectively), which compares
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favorably with the 50% reduction in P excretion by pigs
fed semipurified diets containing low-phytic acid corn
compared with normal corn (Veum et al., 2001). For
pigs fed the practical barley-SBM diets, P excretion (g/
d, feces plus urine) was reduced a less dramatic 16% by
LPB compared with NB (3.80 vs 4.53 g/d, respectively).
Thus, the phytic acid in SBM had a significant negative
effect on P utilization in our practical barley-SBM diets,
similar to the negative effect observed in our low-phytic
acid corn experiment (Veum et al., 2001). Low-phytic
acid soybean mutants have been isolated that have
about a threefold increase in the availability of P com-
pared to the normal soybean cultivar, with no reduction
in seed tP (Wilcox et al., 2000). The present experiment
demonstrates the need for commercial development of
a low-phytic acid SBM and/or the use of a phytase en-
zyme in combination with a low-phytic acid grain to
obtain the maximum achievable reduction in P excre-
tion in swine waste when practical grain-SBM diets are
fed to growing swine.

In conclusion, the P in LPB was about two times more
available than the P in NB as a result of the reduction
in phytic acid in LPB. The reduction in phytic acid did
not compromise the nutritional value of LPB, and P
excretion in swine waste was significantly reduced by
feeding LPB. Our in vitro procedure designed to mimic
the digestive system of the pig provided a valid estimate
for the availability of P in both barley cultivars.

Implications

Feeding a low-phytic acid barley homozygous for the
recessive low-phytic acid 1-1 allele to swine will greatly
reduce the excretion of P in swine waste compared with
normal barley. When practical barley-soybean meal
diets containing either low-phytic acid barley or normal
barley were formulated to contain the same concentra-
tion of available P, pig growth performance, bone
strength, and utilization of P, Ca, N, digestible energy,
and metabolizable energy were similar. Thus, lowering
the phytate concentration will not have any adverse
nutritional effects on low-phytate barley.
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